The structural and mechanical properties of 2D crystalline surface phases that form at the surface of liquid eutectic Au 82 Si 18 are studied using synchrotron x-ray scattering over a large temperature range. In the vicinity of the eutectic temperature the surface consists of a 2D atomic bilayer crystalline phase that transforms into a 2D monolayer crystalline phase during heating. The latter phase eventually melts into a liquidlike surface on further heating. We demonstrate that the short wavelength capillary wave fluctuations are suppressed due to the bending rigidity of 2D crystalline phases. The corresponding reduction in the Debye-Waller factor allows for measured reflectivity to be explained in terms of an electron density profile that is consistent with the 2D surface crystals. and Au-Ge [6] . The atomic arrangement within the topmost layer of most of these liquids is nearly as well defined along the surface normal as those at the surface of crystals. This occurs in spite of the fact that the in-plane atomic order within each surface layer is liquidlike.
Experiments within the last 15 years have revealed that liquid metallic surfaces generally have a higher degree of order than the corresponding bulk liquid phase. This is manifested in the form of atomic layering normal to the surface that decays within a few atomic distances into the bulk liquid, as was theoretically predicted by D'Evelyn and Rice [1] . Layering was found experimentally in elemental metallic liquids such as, e.g., Ga [2] , In [3] , Sn, and Bi [4] , as well as in liquid alloys such as, e.g., eutectic Bi-Sn [5] and Au-Ge [6] . The atomic arrangement within the topmost layer of most of these liquids is nearly as well defined along the surface normal as those at the surface of crystals. This occurs in spite of the fact that the in-plane atomic order within each surface layer is liquidlike.
The free surface of the liquid phase of the Au 82 Si 18 eutectic alloy [7, 8] surprisingly shows properties that are dissimilar from all of the other metallic systems that have been studied so far. For temperatures slightly above the bulk eutectic temperature (T e ¼ 632 K) the layering peak observed in x-ray reflectivity at a wave vector transfer normal to the surface q z ¼ 2=d, where d is the interatomic distance, is more than an order of magnitude more intense than for any other metallic liquid. This anomalously high intensity is accompanied by the formation of two dimensional (2D) crystalline surface order [7] [8] [9] [10] . At about 12 K above T e the low-temperature (LT) phase transforms into a high-temperature (HT) phase that consists of different in-plane order. The HT phase remains stable up to at least 50 K above the eutectic temperature. However, the interplay between the anomalous reflectivity and the crystalline surface phases has not been fully understood.
In this Letter we use x-ray scattering measurements to demonstrate that the LT and HT surface phases of liquid Au 82 Si 18 consist of atomic bi-and monolayer phases, respectively. Both of these phases exhibit bending rigidity that vanishes when the HT crystals melt into a liquidlike (LL) surface phase. The thermal surface fluctuations of the LL phase do not exhibit any rigidity, in agreement with the basic capillary model [11, 12] . The effect of bending rigidity of the LT and HT crystals is to quench the short wavelength surface capillary waves that are responsible for a significant fraction of the Debye-Waller effect that would otherwise reduce the amplitude of the specular reflectivity. By making use of this effect we have been able to develop a picture of the liquid surface structure that is consistent with the constraints imposed by the bilayer interlayer spacing of the LT phase and the rigidity of the LT and HT phases.
Similar examples of surface rigidity induced by thin 2D crystalline systems are Langmuir layers of mono-and bilayer crystals that can form on the liquid water surface [13] . On the other hand, since the thickness of Langmuir monolayers is never less than $20 # A it is not clear whether they should be treated as 2D systems. From a classical point of view, the long wavelength bending rigidity of extremely thin films should vanish; however, as a consequence of the sp 2 hybridization of the carbon atoms, even monolayer graphene is expected to show finite bending rigidity [14] [15] [16] . In fact, this is thought to be crucial for the stability of the monolayer 2D crystals. Measurements of bending rigidity of such thin 2D crystals have only been possible for multilayers with eight or more layers [17] .
The experiments were performed at the ChemMatCARS beam line ID-15-C at the Advanced Photon Source, Argonne, IL, USA at x-ray energies of 10 keV for the grazing incidence diffuse scattering data and 11.7 and 11.915 keV for the reflectivity and grazing incidence diffraction (GID) measurements. Rapid parallel
week ending 29 OCTOBER 2010 data collection was accomplished through the use of an area detector [18] . Analysis of the liquid surface reflectivity data was performed in a similar way to that described in [2, 4, 7] .
The temperature dependence of the reflectivity of the liquid Au 82 Si 18 surface at a fixed specular condition while heating from 625 up to 800 K is shown in Fig. 1(a) . In accordance with earlier studies [7] the first abrupt drop in reflectivity at 644 K is identified as a first order transition from the LT to the HT surface phase. The second drop in reflectivity around 705 K is a new, previously unreported result that indicates a first order phase transition of the HT phase into another, laterally disordered surface phase which we refer to as liquidlike (LL) phase. Both phase transitions are reversible.
The discrete Bragg reflections that appear in the GID patterns shown in Fig. 1(b) indicate the presence of long range in-plane crystalline order. Although the relative intensities of the Bragg reflections differ in each measurement, due to the different orientational samplings of the 2D powder distribution, all of the Bragg reflections are observed in every measurement and their positions are identical to those reported previously [7, 8] . The absence of discrete Bragg reflections in the corresponding GID pattern LL in Fig. 1(b) demonstrates that the LL phase lacks any crystalline in-plane surface order; i.e., the surface crystals of the HT phase melt into a liquidlike surface layer. The corresponding specular x-ray reflectivity curves for the LT and HT surface phase as well as for the newly discovered LL phase are displayed in Fig. 1(c) . The data are normalized to the theoretical Fresnel reflectivity R F which is the reflectivity of a flat structureless surface with the electron density of the bulk liquid phase. The solid lines are theoretical models that will be discussed below. Although the normalized reflectivity R=R F of the HT and LL phase is comparable to that observed for other liquid metals and alloys, the amplitude of high-q z R=R F data for the LT phase is more than an order of magnitude greater. The origin of this anomalously strong reflectivity of the LT phase is due, in some part, to the bending rigidity of the crystalline surface phase, as is demonstrated below.
Although the reflectivity measurements can be modeled with empirical electron density profiles [7, 8] it is now well established that without some sort of constraint such models are not unique [4] . The most meaningful new constraints reported here are the thicknesses of the 2D crystals of the LT and HT phases obtained from the truncation rod data shown in Fig. 2. Figures 2(a) and 2(b) show the intensity distribution in the q xy -q z plane of selected Bragg reflections of the crystalline surface phases of the LT phase (q xy % 1:833 # A À1 ) and of the HT phase (q xy % 2:665 # A À1 ). The most relevant new result is the intensity minimum at q z % 0:95 # A À1 for the LT phase that can be contrasted with the smooth monotonic decay for the HT truncation rod. Note also that the truncation rods are virtually parallel to the surface-normal q z axis indicating that both crystalline phases are 2D lattices. The existence of the minimum at this length scale, i.e., the vanishing of the intensity of the Bragg reflection, was observed for all the observable Bragg reflections shown in Fig. 1(b) [18] . The combination of the GID and truncation rod data clearly indicates that the LT phase contains a bilayer composed of two 2D crystalline atomic layers directly above one another. In contrast, the monotonic decay of the truncation rod intensity for the Bragg reflection of the HT phase at q xy % 2:665 # A
À1
indicates that this phase consists of 2D crystalline monolayers.
As was previously demonstrated for Langmuir layers on water [13, 19] , bending rigidity of the surface phases can be directly obtained from measurement of grazing incidence diffuse scattering arising from the height-height correlations associated with thermal capillary waves. Such data for the LT and the LL phases of the liquid Au-Si eutectic 
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186101-2 are shown in Fig. 3(a) . The data for the LL phase agree perfectly with the 1=q 2 xy power law that is expected for capillary wave fluctuations governed by surface tension without any bending rigidity term.
On the other hand, explanation of the data for the LT phase requires bending rigidity that we associate with the surface crystals. This is demonstrated by the solid line through the data that corresponds to scattering cross-section term scaling as ðq [20, 21] . For q xy less than about 0:02 # A À1 the slope for the LT and LL phases is indistinguishable. It is worth noting that the bending rigidity of the surface crystals does not influence the thermal excitation spectrum for long wavelength capillary waves. This is shown by comparison of the long wavelength diffuse scattering data for the LT, HT, and LL phase that are shown in Fig. 3(b) . For these data, with jq xy j 0:02 # A À1 , the detector angle deviates only slightly from the specular condition at the incident angle. On the other hand, as we will discuss below the only way to simultaneously account for the amplitude of both the diffuse scattering and R=R F for the HT phase [18] , as well as the shape of the diffuse scattering is to include rigidity.
The reflectivity R=R F of a liquid surface can generally be described by [8] :
where jÈðq z Þj 2 denotes the surface structure factor normal to the surface and the effective Debye-Waller factor of thermal capillary waves, CWðq z Þ, is given by integration of 
over the reciprocal space area defined by the experimental resolution. The capillary exponent is ¼ ðk B T=2Þq 2 z . For the LL phase, as well as for the surfaces of all of the liquid metals that have been studied thus far, q max is the cutoff (Debye) wave vector of capillary waves of the system. For a liquidlike surface q max usually is taken to be determined by the atomic diameter d at [22] , i.e., q max ¼ =d at ¼ 1:16 # A À1 with d at ¼ 2:70 # A for Au. Taking into account the bending rigidity for the surface crystals in the LT and HT phases it can be shown that within the region of interest of q max ) q e ) 1= corr , with the x-ray coherence length corr ! 1 m, the contribution of capillary waves is similar to Eq. (2) except that q max is replaced by the elasticity cutoff wave vector q e . The effect of q e ( q max is to increase CWðq z Þ [Eq. (2)] such that the measured value of R=R F could now be fit with a value of jÈðq z Þj 2 that is smaller than would otherwise be possible. This is fortunate since the smaller value is dictated by the constraints of the bilayer-monolayer structures that are imposed by the GID measurements. For example, according to these measurements the electron density surface profile for the LT phase must be constructed with only two prominent peaks separated by d bi ¼ 3:31 # A that characterize the crystalline bilayer. The underlying liquid is described by further lower-amplitude layers with the same distorted crystal model [23] that is commonly used to describe the ) for the surface phases LT, HT, and LL. The data are broadened along q z using an electronic slit on the area detector to circumvent complications associated with the singularity at ¼ [18] . The solid lines are fits using the theoretical scattering cross section of the capillary wave model [3] including the elasticity cutoff wave vector q e . (c) Electron density profiles normal to the surface for the LT, HT, and LL phases that were obtained by recursively fitting the reflectivity R=R F [see Fig. 1 surface layering for other liquid metals [see Fig. 3(c) ]. For the HT phase the two prominent peaks are replaced by only a single prominent peak that describes the crystalline monolayer. For the LL phase the electron density profile was obtained by the best fits to the data using the profile for the HT phase as the starting model.
In fact, the only way in which it is possible to selfconsistently fit both the reflectivity and off-specular diffuse scattering for the LTand HT phases (the solid lines in Figs. 1  (c) and 3(b) , respectively) with such a model is by introducing bending rigidity of the 2D surface crystals, treating q e as a free parameter. For the LT phase we obtain the value of q e ¼ 0:10 # A À1 , in good agreement with the value measured directly using GID diffuse scattering in Fig. 3(a) . For the HT phase q e ¼ 0:40 # A À1 . The corresponding profiles for the electron density normal to the surface for the HT, LT, and LL phases are shown in Fig. 3(c) [18] . Were it not for the observation of the GID peaks it would have been very difficult to distinguish between the HT and LL phases. As can be seen from their reflectivities in Fig. 1(c) and the corresponding profiles in Fig. 3(b) the structure along the surface normal for these two phases is nearly identical. On the other hand, with the knowledge of the 2D order in the HT phase these slight differences are readily accounted for by the difference between q e and q max . For example, for a wave-vector transfer q z of 1:8 # A À1 the effect of q e % 0:4 # A À1 for the HT phase is to decrease the contribution of capillary waves to the reflectivity R=R F by a factor of $2 and by $5 for LT with q e % 0:1 # A À1 [18] . The discovery of the surface stiffness effect thereby yields a physically more plausible and self-consistent picture of the surface structure than previously reported in [7, 8] which did not take into account the surface stiffness effect of the 2D crystals. Instead, in order to increase the amplitude of jÈðq z Þj 2 the electron density profile was constructed using 5-6 sharp peaks that are not consistent with the GID measurements. Furthermore, it is now clear that the intriguing observation in [7] that the surface of the LT phase appeared to show a liquidlike capillary wave behavior is due to the small q xy -range covered by these measurements.
The measured values for the q e of the LT and HT surface phases correspond to values of the bending rigidity % 150 kT for the LT phase and % 6 kT for the HT phase. As one would expect the bending rigidity for the bilayer is substantially larger than for the monolayer. Note that the values theoretically predicted for monolayer graphene of % 50 kT [14, 16] are in between that of the LT and HT phases. The bending rigidity of graphene is thought to arise from multibody atomistic interactions like the bond angle distribution [14, 15] . Given the relatively strong C-C directional bonding compared to the weak Au bonding, rigidity of monolayer graphene should be expected to be substantially larger than that of the surfaces phases of liquid eutectic Au-Si.
In summary, we have demonstrated that the surface of liquid Au 82 Si 18 undergoes a crystalline 2D bilayer to 2D
